The complete nucleotide sequence of the provirus of feline foamy virus (FeFV), strain F-17, was determined, and compared to the available data for human and simian spumaviruses. In addition to the usual retroviral gag, pol and env genes, two open reading frames are present between the env gene and the 3h-LTR, as in the simian spumaviruses, the first being the putative transactivator. The gag gene is predicted to encode a precursor protein of only
Introduction
Spumavirus is one genus of the family Retroviridae, but unlike other genera within the family, spumaviruses have received little attention until recently. Spumaviruses have been isolated from several mammalian species, including domestic (Kasza et al., 1969 ; Riggs et al., 1969) and wild (Lieber, 1975) cats, hamsters (Hruska & Takemoto, 1975) , sea-lions (KennedyStoskopf et al., 1986) , cattle (Malmquist et al., 1969) , sheep (Flanagan, 1992) , man (Achong et al., 1971) and several nonhuman primates (Hooks & Gibbs, 1975) . The feline isolates were called feline syncytium-forming virus (FeSFV), but are now known as feline foamy virus (FeFV) to comply with the recently adopted nomenclature. FeFV can readily be isolated from healthy cats, and although infection has been statistically associated with chronic progressive polyarthritis in the cat (Pedersen et al., 1980) , the disease has not been reproduced experimentally, and FeFV is generally considered to be apathogenic.
Spumaviruses have a number of advantages over other retroviruses as potential integrating gene transfer vectors, Author for correspondence. Dave Harbour.
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53 kDa compared to 70 kDa for simian spumaviruses and a doublet of 70/74 kDa for human spumavirus. The gag gene contains conserved splice acceptor and donor sites suggesting that, like human foamy virus, FeFV expresses its pol gene using a spliced mRNA. The pol and env genes showed greater sequence similarity to their counterparts in the primate spumaviruses than the gag gene and additional open reading frames.
including their larger genome size and wide host-range. Moreover, they do not require polycations for efficient transduction, which may be an advantage in vivo, and since the transactivator is required for high-level transcription from the viral LTR, inactivation of the transactivator gene should prevent activation of downstream cellular genes by promoter insertion (Russell & Miller, 1996) .
As a preliminary to developing FeFV as a gene transfer vector, we have determined the complete nucleotide sequence and genomic organization of the proviral genome of FeFV. No attempt was made to create a complete molecular clone, although this work is now in progress.
Methods
Viral RNA and total DNA extraction. FeFV strain F-17 (Riggs et al., 1969) was purchased from the American Type Culture Collection (ATCC VR-889) at passage 8 in feline cells (six times in feline thymocytes and once each in feline embryo fibroblasts and Crandell feline kidney cells). The virus was propagated in subconfluent WFE cells (Harbour et al., 1991) cDNA cloning and sequencing. Virion RNA was reverse transcribed using the Superscript Choice System (Life Technologies) with random hexamer and oligo(dT) primers, as described by the manufacturer. After second strand synthesis and ligation of EcoRI adapters to the blunted ends, the cDNA was size-fractionated and cloned into the EcoRI site of pUC18. Recombinant plasmids were electroporated into E. coli strain XL-1 (Stratagene) and the resulting library was screened by hybridization with a specific 643 bp probe generated by PCR from virion cDNA using consensus primers. These primers contained EcoRI restriction sites and were designed from the pol gene of human and simian spumavirus : forward consensus primer, 5h GATCGAATTCAAACCT-GGATGCAGAGTTGG 3h ; reverse consensus primer, 5h GATCGAAT-TCCACCTTACTACCACTTTGGG 3h. The probe was labelled, and detected after hybridization, using the ECL direct nucleic labelling and detection systems (Amersham). Plasmids containing overlapping inserts (2-6n5 kbp) recognized by the probe were sequenced. The library contained inserts representing the whole of the genome except for " 1800 nucleotides at the 3h end. To ensure that the 3h end of the genome was sequenced, nested 3h-RACE PCR was carried out using the 3h-RACE PCR system (Life Technologies) with virion RNA and the following forward nested PCR primers : forward primer 1, 5h AGGCCTGGTACA-AGTCGCCG 3' ; forward primer 2, 5h CGATGATCCAAGTGATGTTG 3h. The LTRs were obtained by PCR using genomic DNA as template. All PCR products generated for DNA sequencing were synthesized using the proof reading enzyme rTth DNA Polymerase XL (Perkin Elmer) following the manufacturer's recommendations.
Dideoxynucleotide chain termination sequencing was performed on both strands using the Sequenase version 2.0 sequencing kit (Amersham) as recommended by the manufacturer. At least two different clones were sequenced for each overlapping region of the genome. If required, subclones were generated by restriction of larger clones and cloning in the multiple cloning site of pUC18. Sequence data were assembled, analysed and compared with the published sequences for primate spumaviruses using the AssemblyLign and MacVector 5n0 programs (Kodak IBI) and the Wisconsin Package version 8 (Genetics Computer Group).
Results and Discussion

Nucleotide sequence and open reading frames
The genomic organization is shown in Fig. 1 , and the complete nucleotide sequence is shown in Fig. 2 . The genome is 10 456 nucleotides long [excluding the poly(A) tail], the provirus is 11 657 nucleotides and the LTRs are 1336 nucleotides in length. The 5h-LTR is flanked by a lysine-1,2-tRNA binding site at 1340-1356 nucleotides and contains a TATA transcriptional initiation signal at position 1026-1029. The 3h-LTR is bordered by a polypurine tract at position 10303-10321 and contains a putative polyadenylation signal at position 11485-11490. Both LTRs contain perfect inverted repeats of 4 nucleotides at their 5h and 3h ends and imperfect inverted repeats of 12 nucleotides, as found in both human and simian spumaviruses. The 5h-LTR was followed by the gag, pol and env genes of 1467, 3468 and 2940 nucleotides, encoding apoproteins of predicted molecular mass 53, 132 and 113 kDa respectively. The env gene was followed by a putative transactivator of 627 nucleotides and one further open reading frame (ORF) of 939 nucleotides, encoding proteins of predicted molecular mass 23 and 36 kDa respectively, before the 3h-LTR. The viral protease of FeFV appears to be located in the Nterminal region of the pol gene, but the highly conserved protease sequence Asp-Ser-Gly-Ala-Thr found in simian and human spumaviruses is altered to Asp-Ser-Gln-Ala-Asp in the feline virus.
Comparison of FeFV with primate spumaviruses
The complete proviral nucleotide sequence of FeFV, strain F-17, was analysed and compared to that of primate spumaviruses. The genome is the smallest of the spumaviruses sequenced to date, due mainly to a shorter gag gene. Like simian spumaviruses types 1 and 3, FeFV has two additional ORFs apart from the usual retrovirus gag, pol and env genes, the first of which encodes a putative transactivator protein. The function of the products of the other one or two ORFs is unknown.
The predicted size of the Gag precursor protein of FeFV strain F-17 is only 53 kDa compared to 70 kDa for the two simian spumaviruses and 70\74 kDa for the human spumavirus. Since this virus had been isolated in 1969 in the USA, the gag gene from a recent (1993) British isolate (A491) was amplified by PCR and shown to be the same size (C. R. Helps & D. A. Harbour, data not shown). This is similar to the size of the Gag precursor protein reported for FeFV isolate FUV (Bodem et al., 1996) , so a smaller gag gene appears to be a consistent feature of FeFV isolates. A comparison of the amino acid sequence of FeFV and simian spumavirus Gag proteins show that they have only 38 % identity. However, a comparison of their hydrophilicity plots (Fig. 3) indicates that their overall structure appears very similar despite their difference in size. Like human foamy virus (Morozov et al., 1996) , there are no zinc-finger motifs typically found in other retroviral nucleocapsid proteins, but there are glycine\arginine-rich regions (GR boxes) in the carboxyl third (residues360-366, 426-432 and 468-475). At least one GR box (RPSRGRGR-GQN) in human foamy virus (HFV) has been shown to be essential for nucleic acid binding and virus replication (Yu et al., 1996 b) , although this sequence is not perfectly conserved in FeFV (GNPRGGGRGQG).
Comparisons of the nucleotide sequence of FeFV strain F-17 with the human and simian spumaviruses revealed that the pol gene showed 64 % identity and the env gene 54-55 % identity, whereas the gag gene showed only 46-47 % identity. The highest level of conservation was between the pol genes of FeFV and human spumavirus. The putative transactivator (ORF1) showed only 39-44 % identity to its counterparts in the primate and human viruses, and there was little similarity between ORF2 and the other two 3h-ORFs of the human virus (41 % similarity to ORF2 and 38 % similarity to ORF3) or the most 3h-ORF of the simian viruses. Like HFV bel 1 (He et al., 1993), FeFV ORF1 does not contain sequences homologous to known transcriptional activation or DNA-binding motifs. The most 3h-ORF (ORF2) of FeFV terminates in the U3 region of the 3h-LTR, which is in agreement with the findings for both human and simian spumaviruses (Renne et al., 1992) .
Analysis of the spumaviruses at the molecular level is still rather limited. One isolate of human spumavirus , an isolate from chimpanzees (Herchenroder et al., 1994) and simian spumaviruses types 1 (Kupiec et al., 1991) and 3 (Renne et al., 1992) have been molecularly cloned and the sequence and genomic organization determined. Partial sequences are available for a number of other spumaviruses (Bieniasz et al., 1995) . The human spumavirus provirus has a genome 12n2 kb long (Rethwilm et al., 1987) . It encodes the usual gag, pol and env genes common to all replicationcompetent retroviruses, and encodes a further three ORFs at the 3h end, designated bel 1, bel 2 and bel 3 . The first of these has been shown to encode the transactivator protein (Lee et al., 1992 ; Keller et al., 1992 ; Venkatesh et al., 1991 ; Rethwilm et al., 1990) . Simian spumaviruses types 1 and 3 encode only two ORFs at the 3h end of the genome (Renne et al., 1992) but in each case the first of these encodes a transactivator. The transactivator of simian spumavirus type 1 has been shown to transactivate human immunodeficiency virus and simian immunodeficiency virus but not human spumavirus (Mergia et al., 1992) .
As expected, whereas the env gene of lentiviruses shows the most variation between isolates, in the spumaviruses sequenced to date, the env gene is relatively highly conserved, and the gag gene shows greater variability (Renne et al., 1992 ; Herchenroder et al., 1994 ; this study).
The gag and pol genes of the primate spumaviruses overlap by 22-92 bp, and are in j1 frameshift (Renne et al., 1992) , but those of FeFV do not overlap, and are in frame. Analysis of the nucleotide sequence between the end of the gag gene and the beginning of the pol gene showed no classical heptanucleotide sequence (ACAAATT) associated with ribosomal frame shifting in most other retroviruses, which are predicted or known to express pol genes as Gag-Pol or Gag-Pro-Pol polyproteins by k1 ribosomal frameshifting (Varmus, 1988) or, in the case of murine leukaemia virus, by suppression of the gag amber termination codon (Yoshinaka et al., 1985) . Bodem et al. (1996) showed that, like HFV (Yu et al., 1996 a ; Lochelt & Flugel, 1996) , FeFV isolate FUV expresses its pol gene as a Pro-Pol polyprotein using a spliced mRNA. The splice donor and acceptor sites are perfectly conserved in isolate F-17, and it is assumed that F-17 uses a similar splicing mechanism.
The envelope proteins of feline and simian spumaviruses show 43 % amino acid identity and both contain three stretches of hydrophobic amino acids (575) (576) (577) (578) (579) (580) (581) (582) (583) (584) (585) (586) (587) (588) (589) which are conserved in their distribution. The first hydrophobic region is preceded by a large hydrophilic domain of 65 amino acids which extends to the N terminus of the protein and is presumed to act as a signal for the export of SU domain to the cell surface. This large hydrophilic domain is also found in the simian and human spumavirus envelope proteins (Renne et al., 1992) . The second hydrophobic region is preceded by a string of basic amino acids (Lys-Arg-Gln-ArgArg) at position 557-561, which is predicted to be the proteolytic cleavage site of the Env precursor. The third hydrophobic region is 37 amino acids long and is the putative transmembrane domain of the envelope protein. Both envelope proteins contain 16 potential sites for N-glycosylation (Asn-XSer\Thr) ; 11 of these are located in the SU domain of FeSFV and 5 in the transmembrane domain. This differs slightly from the distribution in SFV-3 where 13 sites are found in the SU domain and only 3 in the transmembrane domain.
Analysis of the 5h-LTR nucleotide sequence of FeFV revealed several cellular transcription factor binding sites. In particular, the nucleotide sequence CTGACTAA at position 462-469 is a potential API-CS1 transactivator binding site and three API-CS3 binding sites were found at positions 314-320, 463-469 and 568-574. These findings agree with those of who showed that there were three API binding sites in the U3 region of human spumavirus.
Phylogenetic trees were constructed for gag, and partial pol, env and LTR sequences using the method of Thompson et al. (1994) to align sequences, and the neighbour-joining method of Saitou & Nei (1987) to construct the trees. Using the LTR R\U5 sequences (Fig. 4) the two feline isolates, F-17 and FUV, were closely related to each other and clearly dissimilar to the primate isolates. The human and chimpanzee isolates were closely related, with the isolates from other primate species being more divergent (Bieniasz et al., 1995) . The groupings CFGC Fig. 4 . Phylogeny of human, primate and feline foamy virus based on the LTR R/U5 region. Sequences were aligned using CLUSTAL W (version 1.6, EMBL) (Thompson et al., 1994) , and trees constructed from 1000 sets of bootstrapped data by the neighbourjoining method of Saitou & Nei (1987) . Numbers at each node indicate the number of times the groups to the right of that node occurred among 1000 trees. The bar represents the mean number of differences per site.
obtained using the other sequences were similar (data not shown), although there were fewer sequences available for comparison.
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